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Abstract
The trigeminal ganglia differentiate in part from specialized ectodermal structures in the embryonic head termed the trigeminal placodes.
However, the signals which govern the migration of trigeminal precursors and the final morphology of the ganglia are poorly defined. Here,
we show that notochord or floor plate tissue can induce the formation of ectopic sensory ganglia adjacent to the developing dorsal
mesencephalon. Neurons within these ganglia coexpress the transcription factors Brn3a and Islet, which together characterize primary
sensory neurons throughout the developing embryo. The ectopic ganglia originate from Pax3-expressing regions of the surface ectoderm that
normally contribute to the ophthalmic trigeminal (op5), and can only be induced at developmental stages during which op5 precursors are
present in the mesencephalic region. The migration of trigeminal precursors is also blocked by a local source of recombinant Shh, while
in mouse embryos lacking Shh, these cells continue to migrate until they fuse into a single ganglion at the ventral midline. Together, these
results suggest that Shh acts to arrest the migration of sensory precursors rather than to induce sensory neurons de novo. Consistent with
this hypothesis, Shh induces the expression of the proteoglycan PG-M/versican in the cranial mesoderm, which has been previously
implicated in the regulation of the movement of sensory neural precursors.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
The sensory peripheral nervous system consists of paired
ganglia adjacent to the hindbrain and spinal cord, which
relay general and specialized sensory information from the
periphery to the CNS. At cranial levels, the sensory system
includes the trigeminal ganglia, which contains neurons
mediating the perception of touch, pain, temperature, and
position for the face and jaw, and more caudal ganglia
relaying special sensory information. At spinal levels, the
sensory modalities served by the trigeminal ganglia are
conveyed instead by the dorsal root ganglia (DRG). The
trigeminal and the DRG share many developmental and
neurochemical-properties, including neurotrophin-depen-
dence mediated by trk receptors, common expression of
transcriptional regulators, and overlapping neuropeptide ex-
pression profiles.
In spite of these functional and molecular similarities, the
trigeminal and dorsal root ganglia have markedly different
developmental origins. The dorsal root ganglia are derived
entirely from spinal neural crest, while the trigeminal gan-
glia are derived from both cranial neural crest and a spe-
cialized region of the surface ectoderm, the trigeminal pla-
code. Migrating neural crest cells are the first to arrive at the
site of the developing trigeminal ganglion, but the differen-
tiation of these cells is delayed until after the migration and
differentiation of the placodal component (Covell and No-
den, 1989). Placodal precursors of the ophthalmic lobe of
the trigeminal (op5) first appear in the ectoderm overlying
the mesencephalon, where they can be identified by the
expression of the paired-homeodomain transcription factor
Pax3 (Baker et al., 1999; Stark et al., 1997). Pax3 expres-
sion marks the commitment of op5 precursors to a specific
sensory fate, but yet-unidentified factors from the neural
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tube are required for the induction or maintenance of these
neurons (Baker and Bronner-Fraser, 2000, 2001). They sub-
sequently delaminate from the surface ectoderm, migrate
medially, and condense lateral to the neural crest-derived
portion of the ganglion.
Significant progress has been made in understanding
signals that regulate the differentiation and delamination of
the spinal neural crest (Nieto, 2001). However, relatively
little is known about how these processes are regulated for
either placodal or crest-derived trigeminal precursors. Sim-
ilarly, a number of molecular factors have been described
which affect the migration of the precursors of the DRG and
the formation of the ganglia. These factors include proteo-
glycans, specific collagen subtypes, laminin isoforms, and
other components of the extracellular matrix as well as
signaling molecules of the Ephrin class (Krull, 2001; Perris
and Perissinotto, 2000). How such factors may contribute to
trigeminal gangliogenesis is also largely unknown.
In prior studies, we have shown that a majority of DRG
and trigeminal neurons express the POU-domain transcrip-
tion factor Brn3a (Fedtsova and Turner, 1995) and that
Brn3a-expressing trigeminal neurons originate in the pla-
code (Artinger et al., 1998). Here, we show that the coex-
pression of the homeodomain transcription factors Brn3a
and Islet mark developing sensory neurons throughout the
embryonic neural axis, and we use these markers to examine
Fig. 1. Transcription factor markers of developing trigeminal neurons. (A) A st19 (36 somite) embryo head stained for Islet by whole-mount immunohis-
tochemistry, revealing the newly condensed trigeminal ganglion (arrow). The vertical line in the accompanying diagram shows the plane of section used to
examine the slightly earlier embryo in the four following views. (B–E). Trigeminal markers in the st17 (30 somite) embryo. The hematoxylin–eosin-stained
coronal section shows the area examined by immunofluorescence (boxed). (C) Pax-3 is expressed in placodal trigeminal precursors and developing neurons
of the ophthalmic lobe of the ganglion. Islet (D) and Brn3a (E) are expressed in an overlapping set of trigeminal neurons with Islet expression slightly
preceding Brn3a. Scale bar: B, 200 M; C–E, 100 M. (F–H) Transcription factor expression in the st26 trigeminal ganglion. (F) Hematoxylin–eosin-stained
coronal section of the embryonic head; the boxed area appears in immunofluorescence views. Scale bar: 400 M. (G) Pax3 is not coexpressed with Brn3a
at this stage, but as shown in (H) a majority of trigeminal neurons coexpress Islet and Brn3a. Scale bar: 100 M.
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the effect of ventral signals on the development of the
trigeminal ganglia.
In the present study, we also show that, during the initial
period of trigeminal neurogenesis in the op5 placode, trans-
plantation of tissue from the notochord into the dorsal mes-
encephalon induces the local formation of ectopic sensory
ganglia. These ectopic ganglia contain Brn3a/Islet-express-
ing sensory neurons that originate from the surface ecto-
derm, and can only be induced in regions of the early
embryo that normally produce trigeminal neurons, suggest-
ing that they result from the arrested migration of trigeminal
precursors rather than the induction of sensory neurons de
novo. Recombinant Shh protein is sufficient to block the
early migration of trigeminal precursors and can exclude
trigeminal neurons from the normal site of trigeminal for-
mation in the lateral cephalic mesoderm. Conversely, in
mouse embryos lacking Shh, trigeminal precursors continue
to migrate ventrally and condense into a single midline
ganglion. Shh-induced changes in the mesoderm are asso-
ciated with the induction of the proteoglycan PG-M/versi-
can, which is a candidate for mediating the effects of Shh on
trigeminal formation.
Materials and methods
Embryos and whole-mount immunohistochemistry
Fertilized White Leghorn chick and quail eggs were
incubated in a humidified atmosphere at 38°C. Embryos
were staged according to somite number and the system of
Hamburger (Hamburger and Hamilton, 1951). Mice carry-
ing a mutant allele at the shh locus (Chiang et al., 1996)
were obtained from Jackson Laboratories and were geno-
typed by PCR as previously described (Fedtsova and
Turner, 2001).
For whole-mount immunohistochemistry, embryos were
fixed in 4% paraformaldehyde in PBS for 30 min, rinsed
several times with PBS, and incubated with mouse mono-
clonal anti-Islet (see below), followed by peroxidase-con-
jugated AffiniPure donkey anti-mouse IgG (Jackson Im-
munoResearch Laboratories) at a dilution of 1:500.
Peroxidase activity was visualized with metal-enhanced
DAB (Pierce) according to the manufacturer’s protocol.
Immunofluorescence
Harvested embryos were fixed in 4% formaldehyde in
60% ethanol for 30 min to 1 h, depending on developmental
stage, washed with 70% ethanol, dehydrated, embedded in
histoplast, and sectioned at 5 m. The rabbit anti-Brn3a
antiserum used has been previously described (Fedtsova and
Turner, 1995). Mouse monoclonal antibodies used included
Islet1 (clone 40.2D6, Ericson et al., 1992; cross-reacting
with Islet2, S. Pfaff, personal communication), quail-spe-
Fig. 2. Notochord transplants induce formation of ectopic sensory gan-
glia. (A) Fragments of notochord one somite in length, obtained from
the forelimb region of st10 embryos, were implanted in the dorsal or
dorsolateral mesencephalon of recipient embryos, also at st10 (12
cases). The location of the implanted notochord tissue is shown in red.
Operated embryos were then allowed to develop for 1 or 2 days and
were examined by whole-mount immunohistochemistry or in section by
immunofluorescence. (B) Whole-mount view of an st19 embryo show-
ing the appearance of Islet-positive cells in vicinity of the ectopic
notochord. The box shows the field enlarged in the inset view. (C) A
coronal section of a st24 embryo showing an ectopic ganglion in the
dorsal mesencephalon. The ectopic sensory neurons expressed neuro-
filament-160, and a majority of cells coexpressed Islet and Brn3a. Low
magnification scale, 400 M; high magnification, 50 M. (D) Another
ectopic ganglion in the mesencephalon, stained for Brn3a and neuro-
filament-160, which has extended axons toward the CNS. The adjacent
CNS in this area consists of a region of the midbrain which has been
ventralized by the presence of the notochord. Scale bar: 100 M. (E)
Ectopic ganglion stained for Brn3a and TAG-1. Scale bar: 40 M.
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cific antigen QCPN, Pax7, and axonin-1 (clone 23.4-5). All
of these monoclonal antibodies were obtained from the
Developmental Studies Hybridoma Bank. Monoclonal anti-
neurofilament 160 (clone NN18) was obtained from Sigma,
and mouse monoclonal anti-Pax3 was a gift of Drs. Chris-
tophe Marcelle and Marianne Bronner-Fraser. The produc-
tion and specificity of monoclonal antibody 5D5 against
PG-M/versican, which reacts with an epitope that is shared
by versican isoforms V0, V1, and V2, have been described
elsewhere (Cattaruzza et al., 2002; Perissinotto et al., 2000).
Proteogly can staining was performed as previously de-
scribed (Perris et al., 1991) with some modifications. Em-
bryos were fixed in methanol precooled to 80°C and
stored at this temperature for 5–7 days, then transferred to
20°C for 2 days, to 5°C for 2 days, and to 4°C for 2 days.
Following cryofixation, embryos were embedded in para-
plast and sectioned for staining. Secondary anti-mouse and
anti-rabbit antibodies conjugated either with Alexa Fluor
488 or with Alexa Fluor 594 were obtained from Molecular
Probes.
Embryo manipulation in ovo
Fragments of chicken notochord were isolated from
stage 10 (10–12 somite) embryos with electrolytically
sharpened tungsten needles. Embryos were incubated in a
0.05% solution of collagenase in RPMI medium for 10–30
min at room temperature to facilitate separation of tissue
layers. Isolated tissue fragments were rinsed with Ca2/
Mg2-free PBS and stored for 10–60 min in RPMI medium
with 10% fetal calf serum prior transfer to host embryos. All
grafting experiments were performed in ovo by using glass
needles.
For quail-chick ectoderm graft experiments, the surface
ectoderm lateral to the mesencephalon of a 9–10 somite
quail embryo was excised and treated with collagenase,
enabling clean isolation of the ectoderm from the underly-
ing mesenchyme cells. The chick embryo host was prepared
for surgery and the ectoderm from the region of graft site
was removed immediately before transfer of the donor ec-
toderm.
To provide a local source of recombinant Shh in operated
embryos, beads for implantation were prepared as follows:
Affi-gel blue CM beads, 250–300 m in diameter (Biorad),
were first washed in 20 mM Tris-HCl, 120 mM NaCl, pH
7.4. Beads were then soaked in 5 l of 330 ng/l Shh
solution (Shh-N, R&D Systems) in the wash buffer for 2 h
at room temperature. The beads were then cut into segments
of the desired size, briefly rinsed in a large volume of buffer
and implanted in operated embryos in ovo.
Tissue culture
For the tissue culture experiments, fragments of the st10
dorsal mesencephalon and prosencephalon were isolated
together with the adjacent ectoderm and mesenchyme. Ex-
plants were cultivated in collagen gels (Baker et al., 1999)
in DME/F12 medium plus N2 supplements (Gibco-BRL)
and antibiotics. Cultures were incubated at 38°C, 5% CO2
for 48 h. For whole-mount staining, explants were fixed in
4% paraformaldehyde. For immunohistochemistry in sec-
tions, they were fixed in ethanol–formalin mixture for
10–15 min, washed in 70% ethanol and embedded in his-
toplast.
Results
Transcription factor markers of developing sensory
neurons
In prior studies, Brn3a expression has been shown
throughout the developing sensory system, including the
trigeminal ganglion (Fedtsova and Turner, 1995), the mes-
encephalic trigeminal (Fedtsova and Turner, 2001; Hunter
et al., 2001), the vestibular, spiral, and geniculate ganglia of
the ear (Huang et al., 2001), and the dorsal root ganglia,
leading to its use as a marker of differentiating sensory
neurons in spinal cultures (Greenwood et al., 1999). How-
ever, Brn3a is also expressed in CNS neurons of the epith-
alamus, midbrain, hindbrain, and spinal cord, and thus is not
by itself, a definitive sensory marker. Similarly, Lim-do-
main factors of the Islet class are expressed in sensory
neurons, but also in motor neurons of the CNS. In order to
better observe sensory neurogenesis throughout develop-
ment, we examined the expression of the transcription fac-
tors Pax3, Islet1/2, and Brn3a in the developing sensory
ganglia. Whole-mount immunostaining for Islet in the st17
chick embryo clearly revealed the condensing trigeminal
ganglion (Fig. 1A). At the cellular level, Pax3 expression
identified ophthalmic trigeminal (op5) placode cells and
delaminated sensory precursors as early as st17 (30 somites,
Fig. 1C), as observed in prior studies (Stark et al., 1997).
However, by st26, Pax3 labeled only a small number of
cells within the ganglion, which did not coexpress Brn3a
(Fig. 1F and G). This is consistent with previous observa-
tions that Pax3 is downregulated in sensory neurons of the
op5, and is later expressed by other classes of trigeminal
cells which may be predominately nonneural (Baker et al.,
2002).
Islet expression was noted in a few cells in and beneath
the surface ectoderm at st17, and marked a significant num-
ber of neurons within the condensing ganglion (Fig. 1D). At
this stage, only a subset of Islet-expressing neurons also
expressed Brn3a, suggesting that Brn3a expression is initi-
ated slightly after Islet as sensory neurons mature (Fig. 1E).
As development progressed, an increasing number of the
differentiating neurons were Brn3a-immunoreactive, and by
st26, a majority of trigeminal neurons expressed both mark-
ers (Fig. 1H). These findings, combined with prior results
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showing Islet and Brn3a expression in the dorsal root gan-
glion (Fedtsova and Turner, 1997), suggest that coexpres-
sion of these factors identifies developing sensory neurons
throughout the embryo. In extensive surveys of Brn3a and
Islet expression in both mouse and chick embryos from the
start of neurogenesis to midgestation, the only colocaliza-
tion of Brn3a and Islet expression we have detected outside
the peripheral sensory ganglia is in the sensory neurons of
the mesencephalic trigeminal (mes5), and in a small group
of dorsal spinal interneurons which have been termed the
dI3 group (Fedtsova and Turner, 1995; Gross et al., 2002).
Ventral signals induce ectopic sensory ganglia
In prior studies, we have described the effect of noto-
chord signals on the differentiation of neurons in the dorsal
spinal cord and midbrain (Fedtsova and Turner, 1997,
2001), including the suppression of Brn3a-expressing inter-
neurons. In the course of these studies, we observed that
notochord transplants to the midbrain tectum induced
marked changes not only in the tectal neuroepithelium, but
also in the overlying mesoderm and surface ectoderm. Fig.
2 shows the effect of the transplantation of notochord tissue
from the upper thoracic region of a st10 (10 somite) chick
embryo to the dorsal mesencephalon of a recipient at the
same developmental stage. When examined at st20, 1 day
after surgery, clusters of ectopic Islet-positive cells were
noted in the vicinity of the transplanted notochord (Fig. 2B).
Similar groups of cells condensed whether the ectopic no-
tochord was placed in a dorsal or lateral position, or at any
location along the rostrocaudal axis of the tectum.
By the second postoperative day these cells formed con-
densed structures within the mesoderm (Fig. 2C–E), which
exhibited several characteristics of sensory ganglia. A ma-
jority of the cells in the notochord-induced structures coex-
pressed Brn3a and Islet. They also expressed the axonal
proteins neurofilament 160 and TAG-1/Axonin-1, and neu-
rofilament-immunoreactive fibers were observed extending
from the cell clusters to the mantle layer of the tectum (Fig.
2D and E). Together, these markers confirm that the induced
cell clusters are ectopic sensory ganglia.
These results must be interpreted in the context of prior
studies which have shown the spontaneous occurrence of
small groups of ectopic sensory neurons in the region of the
ophthalmic placode in st23-25 chick embryos (Kuratani and
Hirano, 1990). In the present study, we also occasionally
observed these spontaneous ectopic ganglia because of their
Islet immunoreactivity (not shown). These spontaneous
ganglia are clearly distinct from those induced by the no-
tochord. First, they are noted only in the ectoderm lateral to
the mesencephalic flexure, while the notochord can induce
ganglion formation in the dorsal tectum and diencephalon.
Second, spontaneous ectopic ganglia occur within the ecto-
dermal layer, and appear to represent a defect in the del-
amination of trigeminal precursors. In contrast, the ganglia
induced by the notochord appear beneath the surface ecto-
derm. Thus, the spontaneous formation of ectopic ganglia
and their induction by the notochord appear to represent
different processes.
The notochord is a source of multiple morphogenic sig-
nals, including Shh and the antagonists of BMP signaling
chordin, follistatin, and noggin. The floor plate is also a
source of Shh, but the BMP antagonists are either not
detectable there, or are expressed at lower levels than in the
notochord (Liem et al., 2000). To address the relative im-
portance of Shh signaling in the induction of ectopic sen-
sory ganglia we next transplanted floor plate explants from
st10 (10 somite) embryos to the mesencephalon of recipi-
ents at the same developmental stage. In these experiments,
the floor plate tissue induced ectopic ganglia indistinguish-
able from those induced by the notochord, including sen-
sory neurons coexpressing Brn3a and Islet (Fig. 3A). These
results suggest that Shh is a likely candidate for the induc-
tion of ectopic ganglia by the notochord, but do not rule out
a contribution from BMP antagonists or other factors.
We then explored the developmental time period and
embryonic locations at which the notochord can induce the
formation of ectopic ganglia. Notochord tissue from st10
embryos transplanted to the tectum of st17 (29–32 somite)
recipients did not induce ectopic ganglia (Fig. 3B and C),
demonstrating that the potential to generate ganglia disap-
pears at about the time that the condensation of the normal
trigeminal ganglion is complete. The most rostral region of
the stage 10 embryo from which ectopic ganglia could be
induced was the diencehpalon (Fig. 3D–F), where the in-
duced ganglia contained Brn3a/Islet-expressing neurons,
but were usually smaller than those generated in the tectum.
In contrast notochord transplants to the ventral midbrain
adjacent to the ventral neural tube, did not induce ganglia
(not shown).
The spatial and temporal restriction of the capacity to
generate ectopic sensory ganglia corresponds approximately
to the normal time and place of the earliest appearance of
the precursors of the ophthalmic trigeminal. Thus, we were
interested to know whether these ectopic neurons originated
from the surface ectoderm or from the neuroepithelium, and
whether they resulted from the actual induction of a sensory
phenotype, or from the arrested migration or attraction of
cells that would normally adopt a sensory fate and contrib-
ute to the trigeminal ganglion.
Ectopic sensory neurons originate from the surface
ectoderm overlying the midbrain and diencephalon
To determine whether sensory neurons could originate
locally in the midbrain and diencephalon we first cultured
explants from these regions in collagen gels and examined
them for the appearance of Brn3a/Islet-expressing neurons
after 2 days in culture. Because op5 cells originate in the
surface ectoderm overlying the midbrain, we expected sig-
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nificant numbers of sensory neurons to differentiate from
midbrain explants, and in fact, this was the case (Fig. 4A–
E). However, smaller but significant numbers of sensory
neurons also appeared at the margins of diencephalic ex-
plants (Fig. 4F and G), indicating that the ectopic sensory
ganglia formed in this region could also originate locally. In
explants of both the midbrain and the diencephalon, the
majority of the Brn3a/Islet-expressing neurons migrated
away from the neural tube to the outer limit of the meso-
dermal cells that spread into the collagen matrix. This mi-
gratory behavior suggests that these sensory neurons are
trigeminal precursors, and not neurons of the mes5, which
also coexpress Brn3a and Islet, but reside within the neural
tube (Fedtsova and Turner, 2001; Hunter et al., 2001).
The Brn3a/Islet neurons identified in these explants
could, in principle, originate from the neuroepithelium, the
neural crest, or the surface ectoderm. Likewise, the ectopic
sensory ganglia induced by the notochord could possibly
derive from any of these precursor populations. To deter-
mine the origin of these neurons, we marked the surface
Fig. 3. The capacity to form ectopic ganglia is restricted in developmental time and space. (A) Induction of ectopic sensory ganglia by floor plate tissue. Floor
plate tissue from the spinal cord of a stage 10 (10 somite) chick embryo was transplanted to the mesencephalon of a st10 recipient, and incubated 2 days,
as in the notochord transplant experiments. A hematoxylin–eosin-stained coronal section is shown, and immunofluorescence for Brn3a and Islet appears in
the inset. The floor plate tissue itself is adjacent but does not appear in the plane of section shown. Scale bar: 400 M; inset, 50 M. (B, C) Heterochronic
transplantation. Notochord tissue from st10 embryos transplanted to the stage 17 (30 somite) midbrain did not induce ganglia, as shown in adjacent sections
stained for Brn3a/Islet (B) and for Brn3a/Pax 7 (C). Scale bar: 50 M. (D–F) Rostral limit of ganglion formation. Notochord tissue was implanted at the
indicated position in the presumptive pretectum/diencephalon of st10 embryos (red), and operated embryos were allowed to develop 2 days (3 cases). (E)
Whole-mount immunohistochemistry for Islet expression in an st23 embryo with a rostral transplant. The red arrow shows the location of the implanted
notochord tissue, and the black arrow indicates the location of ectopic Islet-expressing sensory neurons (inset box). (F) A coronal section of an st23 embryo
with a rostral notochord transplant sectioned at the level indicated in (E). The location of the ectopic notochord is indicated by n, and the boxed area shows
the location of the inset immunofluorescence view. Scale bar: 400 M; inset, 50 M.
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Fig. 4. The generation of sensory neurons is intrinsic to the mesencephalic and diencephalic regions. (A) Mesencephalic explants and diencephalic explants,
including the adjacent mesenchyme and ectoderm, were taken from st10 embryos as shown, and cultured in collagen gels for 48 h. (B) Islet-expressing
neurons have migrated to the margins of a mesencephalic explant by the end of the culture period. (C–E) Neurons at the margin of a mesencephalic explant
coexpress Islet/Brn3a and neurofilament-160/Brn3a, consistent with a sensory neural phenotype. Low magnification scale, 200 M; high magnification, 40
M. (F, G) Explants from the region shown in (A) encompassing the presumptive diencephalon also gave rise to sensory neurons in smaller numbers. The
hematoxylin–eosin-stained section in (F) shows the region (box) of the explant examined by immunofluorescence for the coexpression of Islet/Brn3a in (G).
Low magnification scale, 100 M; high magnification, 40 M.
Fig. 5. Ectopic sensory neurons originate from the surface ectoderm in chick-quail chimeras. (A) Quail-chick transplantation procedure in which the ectoderm
overlying one hemisphere of a st10 (9 somite) chick embryo was isotopically and isochronically replaced by quail ectoderm (red). Prior to transplantation,
the donor ectoderm was enzymatically freed of contaminating mesoderm. A small fragment of chick notochord was also transplanted to this area (green).
Operated embryos were then allowed to develop 2 days to st24 (6 cases). (B) Stage 24 embryo with ectoderm/notochord transplant. The vertical line indicates
the level of coronal sections used in subsequent views. (C) Quail-specific-antigen (QCPN) and Brn3a expression. Red arrows demarcate the quail contribution
to the surface ectoderm and inset box shows the area enlarged in subsequent views. Scale bar 200 M. (D) Double staining for QCPN /Brn3a, and (E) Brn3a
alone show that the majority of the Brn3a-positive sensory neurons also express QCPN and thus originated from the surface ectoderm. (F). An adjacent section
double-labeled for Islet/Brn3a, and (G) Brn3a alone confirms the sensory identity of the Brn3a-expressing cells. Scale bar 40 M.
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ectoderm of st10 chick embryos by replacement with the
equivalent region of a donor quail embryo. In some of these
experiments, chick notochord tissue was also implanted
adjacent to the transplanted surface ectoderm. The fate of
the transplanted ectoderm could then be followed with the
quail-specific antigen QCPN.
When the surface ectoderm was replaced with quail
tissue unilaterally, without an implanted notochord (N  4;
not shown), quail cells frequently contributed to the oph-
thalmic lobe of the trigeminal ganglion on the operated side,
but ectopic ganglia were not observed. When notochord
tissue was implanted in the vicinity of the replaced surface
ectoderm (Fig. 5A–G), quail cells appeared in the surface
ectoderm and in ectopic ganglia adjacent to the notochord.
The quail antigen was coexpressed with Brn3a in the gan-
glion cells (Fig. 5D and E), and Brn3a was coexpressed with
Islet, confirming the sensory neural identity of the quail-
derived cells (Fig. 5F and G).
In other experiments, the surface ectoderm of 9–10
somite embryos was replaced with quail tissue bilaterally
(Fig. 6), allowing the fate of the surface ectoderm to be
traced on both sides of the embryo. In these experiments,
notochord tissue was also implanted on one side, in a dor-
solateral position (Fig. 6A), to generate experimental and
control conditions within a single embryo. Ectopic sensory
ganglia consistently appeared only on the side of the noto-
chord implantation in these embryos (Fig. 6B–E), demon-
strating that it is required for ectopic ganglion formation and
that surgical manipulation alone is not sufficient to generate
ectopic sensory neurons.
Taken together, these tissue culture and transplantation
experiments suggest that the notochord generates ectopic
ganglia by arresting the normal migration of sensory pre-
cursors originating locally from the surface ectoderm, and
does not actually induce the generation of sensory neurons,
nor attract migrating sensory precursors at a distance. This
model predicts that the local application of Shh should
block the migration of trigeminal precursors, and that in the
absence of Shh, neurons will be generated normally from
the trigeminal placode, but may migrate incorrectly, result-
ing in abnormal ganglion morphology.
To test whether Shh is sufficient to alter the location at
which trigeminal precursors differentiate, we placed beads
bearing recombinant Shh in a dorsolateral position in the
presumptive tectum and pretectum of st10 embryos and
examined the embryos after 1 day. In the majority of these
embryos, the implanted bead was not retained within the
embryonic mesenchyme, but appeared adherent to the sur-
face of the embryo. In st10 embryos, precursors of the
ophthalmic lobe of the trigeminal ganglion can be identified
by the expression of Pax3 in the surface ectoderm overlying
the presumptive rostral tectum, pretectum, and diencepha-
lon (Fig. 7A), and Pax3 expression was used to follow the
fate of these cells in operated embryos. In operated embryos
at st18 (Fig. 7B), most Pax3-expressing cells appeared in
their normal location in the trigeminal placode lateral to the
mesencephalic flexure and hindbrain, from which they del-
aminate to form the ganglion (Stark et al., 1997). However,
on the side bearing the Shh bead numerous Pax3-expressing
cells also remained in a dorsal position near the source of
Shh.
Sensory gangliogenesis is abnormal in Shh knockout mice
To further test the role of Shh in trigeminal ganglion
formation, we examined gangliogenesis in Shh knockout
mice. In E8.5 mouse embryos, numerous Pax3-expressing
cells appeared in the surface ectoderm overlying the pre-
sumptive midbrain of Shh knockout and wild type mice,
demonstrating that the generation of early trigeminal pre-
cursors does not require Shh (Fig. 8A–C). By E10.5 in
wild-type embryos, the differentiating trigeminal neurons
had condensed into two symmetrical ganglia (Fig. 8D and
E). However, in Shh knockout mice, the trigeminal precur-
sors continued to migrate toward the midline and condensed
into a single fused ganglion (Fig. 8F and G), demonstrating
that Shh is not only sufficient to arrest migrating trigeminal
precursors in ectopic locations, but is also necessary for the
normal cessation of their migration.
To further explore the role of Shh in determining the
position of the sensory ganglia, we also examined the mor-
phology of the dorsal root ganglia in mice lacking Shh. In
control embryos examined at E11.5, the DRG condensed in
their normal bilateral positions, and most of the neurons
coexpressed Brn3a and Islet (Fig. 8H). Loss of Shh pro-
foundly affected DRG formation, but with greater variabil-
ity than observed for the trigeminal. In some sections, a
significant number of neurons condensed near their usual
location, while others migrated to ventral positions (Fig. 8I).
In other sections, a majority of the neurons formed a single
ganglion at the midline (Fig. 8J). In spite of this variability,
these results suggest that Shh has a qualitatively similar
effect on the migration of sensory precursors throughout the
neural axis.
Shh induces changes in the extracellular matrix which
may affect ganglion formation
The regulation of the migration of trigeminal precursors
by ventral signals might be initiated by a change in the
intrinsic properties of the migrating cells, or by alteration of
the cellular and extracellular environment through which
they must pass. At spinal levels, migrating neural crest cells
are strongly influenced by components of the extracellular
matrix, particularly the hyaluronan-binding proteoglycans
(Perris and Perissinotto, 2000). For this reason, we exam-
ined the effect of the ectopic notochord and Shh on the
expression of the proteoglycan PG-M/versican using mono-
clonal antibodies in operated embryos.
In the absence of an ectopic source of Shh, PG-M/
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versican is expressed in the midline mesoderm, beneath the
floor plate of the midbrain and hindbrain (Fig. 9I). Noto-
chord implantation in st10 chick embryos resulted in the
induction of PG-M/versican expression in the adjacent me-
soderm, neuroepithelium, and surface ectoderm (Fig. 9A–
C). When placed in the mesoderm lateral to the hindbrain
junction, near the site of trigeminal condensation, notochord
tissue induced a zone which excluded migrating trigeminal
precursors and distorted the morphology of the ganglion
(Fig. 9D). Like the notochord, the implantation of Affigel-
Shh beads near the site of trigeminal condensation excluded
sensory neurons (Fig. 9E and F), whereas untreated affi-gel
beads had no effect (Fig. 9G). Shh beads strongly induced
the expression of PG-M/versican (Fig. 9H), whereas control
beads had no effect on the normal midline pattern of ex-
pression (Fig. 9I). These results indicate that PG-M/versican
is a candidate for mediating the effects of Shh on trigeminal
precursor migration.
Discussion
The sensory neurons of the trigeminal ganglion originate
from two convergent streams of differentiating precursors,
one from surface ectoderm-derived trigeminal placodes, and
the other from neural crest. Although neural crest cells
arrive first in the area of the nascent ganglion (st12), the
placode-derived neurons are the first to undergo terminal
differentiation (st14.5), almost immediately following their
delamination from the surface ectoderm. In contrast, crest-
derived trigeminal precursors do not differentiate until st24
or later, when they generate predominantly small nocicep-
tive neurons and glia (Covell and Noden, 1989).
In prior work, we have shown that Brn3a mRNA is
detectable in the trigeminal ganglion by st15, coincident
with the earliest differentiation of placode-derived neurons
(Artinger et al., 1998). Surface labeling with DiI revealed
the placodal origin of early-differentiating Brn3a neurons,
although it is possible that some trigeminal neurons derived
from the neural crest also later express this marker. At
spinal levels, Brn3a is expressed in the majority of the
neurons of the dorsal root ganglia, which are of neural crest
origin, and this factor is a useful marker of the neural
differentiation of multipotent crest stem cells (Greenwood
et al., 1999). Although Brn3a is expressed in several classes
of CNS neurons, in both prior work and in the current
experiments, we have observed that in the CNS only the dI3
class of dorsal spinal interneurons coexpress Brn3a and
Islet. Aside from dI3, the coexpression of these factors
otherwise specifically identifies sensory neurons throughout
the neural axis.
Here, we have shown that notochord signals can induce
the formation of ectopic sensory ganglia throughout the
midbrain and pretectum/diencephalon of developing chick
embryos. Several pieces of evidence suggest that these gan-
glia are formed by arresting the migration of sensory pre-
cursors rather than by inducing the differentiation of sen-
sory neurons from cells that would ordinarily adopt a
nonneural fate. First, prior studies, confirmed by our results,
have shown that the early precursors of the op5 can be
identified by the expression of Pax3 beginning at early
somite stages (Stark et al., 1997). In the st10 embryo, Pax3
expression in the surface ectoderm extends into the dorsal
midbrain and diencephalon, demonstrating that the regions
in which the notochord can induce ectopic ganglia already
contain cells fated to produce sensory neurons.
By st19, Pax3 is no longer detected in the surface ecto-
derm overlying the mesencephalic midline (Stark et al.,
1997; and Fig. 7), and the notochord can no longer induce
ectopic ganglia in the tectal region. Instead, Pax3-express-
ing trigeminal precursors appear lateral to the mesence-
phalic flexure and hindbrain, the locations at which the
placodes have been identified in classical fate-mapping
studies (D’Amico-Martel and Noden, 1983). The change in
location of the Pax3-expressing op5 precursors from st10 to
st19 is likely to represent both the ventral migration of these
cells and their displacement by the rapid expansion of the
dorsal mesencephalon.
The hypothesis that Shh blocks the migration of devel-
oping trigeminal neurons, but does not induce them, is also
consistent with detailed experiments showing that, in the
op5, the onset of Pax3 expression coincides with commit-
ment to a specific rostral or caudal sensory fate. When
presumptive Op5 ectoderm is transplanted to the region of
the nodose placode prior to the onset of Pax3 expression
(3–6 somites), the transplanted cells adopt a caudal fate
(Baker and Bronner-Fraser, 2000). However, op5 precur-
sors transplanted after the onset of Pax3 expression main-
tain their trigeminal phenotype. When transplanted to trunk
levels (Baker et al., 2002), trigeminal precursors from 3–6
somite donors still initiate the expression of Pax3. These
cells migrate with local neural crest cells to several sites,
including the dorsal root and sympathetic ganglia, yet the
resulting neurons retain several aspects of their normal
sensory phenotype. These transplantation experiments,
combined with prior studies, provide strong evidence that
op5 placode induction and the expression of Pax3 require a
diffusible signal present throughout much of the dorsal
neural tube, but the mediator of this effect has not been
identified (Baker and Bronner-Fraser, 2001; Baker et al.,
1999; Stark et al., 1997).
Just as ectopic Shh prematurely arrests the migration of
trigeminal precursors, in mice lacking Shh, these cells con-
tinue to migrate medially until they fuse into a single mid-
line ganglion. The dorsal root ganglia, also condense ab-
normally in these mice, with a variable fraction of DRG
neurons migrating to the ventral midline. This result appears
to contrast with earlier findings in 15–25 somite chick
embryos, in which ablation of the notochord did not have an
obvious effect on the morphology of the cranial sensory
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Fig. 8. Trigeminal development in mice lacking Shh. The expression of transcription factor markers of trigeminal development was examined at E8.5, E10.5,
and E11.5 in Shh knockout mice and control littermates. (A) Diagram of an E8.5 mouse embryo showing the approximate level of the transverse sections
appearing in (B) and (C). Pax3 was expressed normally in placodal trigeminal precursors in wild-type (B) and Shh (C) knockout mice. Scale bar: 50M.
(D–G) Trigeminal morphology in E10.5 wild-type and Shh null embryos. Whole-mount views in (D, F) show the level of the coronal sections used for
Brn3a/Islet immunofluorescence. Trigeminal neurons migrate abnormally in Shh null mice, condensing to form a single midline ganglion. Scale bar: 200 M.
(H–J) Morphology of the dorsal root ganglia in control (H) and Shh null (I, J) embryos. In serial sections from the forelimb level of a single embryo, DRG
neurons were observed to condense variably in bilateral positions or at the ventral midline (arrows). Nonnuclear staining for Islet in these sections is an artifact
due to cross-reactivity of the secondary anti-mouse IgG antibody with endogenous mouse antigens. Scale bar: 100 M. 5g, trigeminal ganglion; drg, dorsal
root ganglion; fp, floor plate; SC, spinal cord.
Fig. 6. The notochord is required for the recruitment of surface cells into ectopic ganglia. (A) Diagram showing a bilateral grafting experiment in which the
ectoderm overlying both hemispheres of a st10 (9 somite) chick embryo was replaced by the equivalent quail ectoderm (red), and small fragment of chick
notochord was also transplanted to the right hemisphere (green). The chimeric embryos were allowed to develop 30 h (4 cases), then examined for QPCN,
Brn3a, and Islet expression. (B) Approximate plane of coronal sections used in views C–E. (C) A section at the level of the implanted notochord tissue
(indicated by n) shows the contribution of the quail graft to the surface ectoderm on both sides of the embryo, as demarcated by red arrows. The surface
ectoderm and the mesodermal layer are thickened in the vicinity of the notochord implant relative to the side receiving donor ectoderm only and sensory
ganglia (white arrows) contain QCPN-and Brn3a-expressing cells. (D, E) More rostral sections double stained for Islet/Brn3a, showing both ectopic sensory
neurons (arrows) and the normal trigeminal ganglion (5g). Scale bar 200 M.
Fig. 7. Shh arrests the migration of Pax3-expressing trigeminal precursors. (A) Normal st10 embryo shown in cross section at the level of the future pretectum
(diagram). Pax3 is expressed in the surface ectoderm in precursors of the ophthalmic trigeminal ganglion. (B) Stage 18 embryo shown at the same rostrocaudal
level as (A), in which Shh beads (red, arrows) were placed in the pretectum in a dorsolateral position at the 9 somite stage. Beads were initially placed just
beneath the surface ectoderm, but at this stage, appear adherent to the outer surface: On the unoperated side, trigeminal precursors have migrated to a lateral
position and many have delaminated to initiate gangliogenesis. On the operated side numerous Pax3-expressing cells are retained in a dorsal position
(arrowheads, enlarged view). Scale bar 100 M; inset: 50 M.
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ganglia and DRG (Stern et al., 1991; Teillet and Le Douarin,
1983). However, subsequent studies have shown that it is
not possible to eliminate the midline expression of Shh by
surgical ablation of the notochord at these stages, because
soon after condensation of the notochord, Shh expression is
induced in the floor plate, which then becomes an autono-
mous source of this signal (Marti et al., 1995). Consistent
with this interpretation, in prior studies of the effect of the
notochord on the dorsoventral polarity of the neural tube,
ablation of the notochord at forelimb levels of 10 somite
embryos had little effect on subsequent neurogenesis. Only
ablation of the notochord and the rostral part of Hensen’s
node, at hind limb levels prior to somite formation, was
sufficient to eliminate Shh signaling and induce dorsaliza-
tion of the ventral spinal cord (Fedtsova and Turner, 1997).
To arrest the migration of trigeminal precursors, Shh
could either act on the migrating cells directly to change
their adhesion or motility, or produce changes in the meso-
dermal environment through which they must pass. Few
studies have directly addressed the migration of the placodal
precursors of the trigeminal ganglion. However, studies of
the migration of spinal neural crest cells suggest some
Fig. 9. Ectopic ganglia are associated with changes in the expression of extracellular matrix proteoglycans. (A) Diagram of an embryo with a notochord transplanted
to the caudal midbrain at st10, and analyzed at st17–19, as shown in the following two views. (B, C) Analysis of sensory ganglion formation and expression of the
hyaluronan-binding proteoglycan PG-M/versican in the vicinity of the transplanted notochord (5 cases). Brn3a-expressing ectopic sensory neurons are indicated by
small arrows. Low magnification scale: 200 M; high magnification scale: 50M. (D) The presence of ectopic notochord tissue (arrow) in the area of the condensing
trigeminal ganglion distorts the morphology of the ganglion and excludes neurons from its vicinity. (E) Placement of an Shh bead in the area of the condensing
trigeminal ganglion also excludes neurons from its vicinity and distorts the normal bilobular morphology of the ganglion (6 cases). (F) The ganglion forms normally
on the unoperated side of the same embryo, and (G) also forms normally in the presence of a control bead lacking Shh. (H) An implanted Shh bead induces
PG-M/versican expression in the surrounding mesoderm. Scale bar: 200 M. (I) A control bead implanted in a similar location to that shown in (H) does not induce
PG-M/versican expression, and PG-M versican is detected mainly at the ventral midline. Scale bar: 200 M. 5g, trigeminal ganglion; n, notochord.
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mechanisms by which Shh may affect trigeminal ganglio-
genesis. Migrating spinal neural crest cells are excluded
from a 43-m zone surrounding the notochord (Pettway
et al., 1990). In 10-somite chick embryos, the dorsolateral
implantation of an ectopic notochord does not block the
formation of the neural crest on the implanted side, but
displaces the DRG to a significant distance from the implant
(Artinger and Bronner-Fraser, 1992). The effects of the
notochord and Shh on migrating trigeminal precursors ob-
served here are entirely consistent with these results.
Some indirect evidence suggests that Shh could act directly
to alter the migration of sensory ganglion precursors at a
distance from the midline. Shh protein has ordinarily been
difficult to detect outside the cells which produce it. However,
fixation of embryos under conditions which preserve extracel-
lular matrix proteoglycans has allowed the detection of Shh
protein at some distance from the notochord and floor plate
(Gritli-Linde et al., 2001). Furthermore, although cholesterol
modification of Shh normally limits its diffusion, a soluble
multimeric form of Shh has recently been shown to act as a
potent long-range signal (Goetz et al., 2002). Finally, Shh has
been recently shown to inhibit the migration of neural crest
cells from spinal cord explants in vitro, possibly by a direct
effect on cell adhesion to fibronectin (Testaz et al., 2001).
Most studies of the effect of the notochord on the mi-
gration of spinal neural crest cells have focused on the effect
of extracellular matrix molecules (Perris and Perissinotto,
2000). The ability of the notochord to exclude migrating
crest cells is diminished by pretreatment with chondroiti-
nase, and chondroitin sulfate proteoglycans were initially
suggested as mediators of notochord effects on cell migra-
tion (New green et al., 1986; Pettway et al., 1990). In the
present study recombinant Shh is sufficient to alter the
migration of placodal trigeminal precursors, so clearly no
extracellular matrix components derived directly from the
notochord are required in this instance. Instead, a plausible
model is one in which Shh from the notochord and floor
plate induces changes in the extracellular matrix which in
turn alter the migration of sensory precursors. Because pro-
teoglycans inhibit cell migration via direct contact with cells
(Perissinotto et al., 2000; Perris and Johansson, 1987; Perris
et al., 1996) such a model would still require Shh to act at
some distance from its midline source, but by inducing
proteoglycan expression in the mesoderm rather than by a
direct effect on cell migration.
Here, we have demonstrated that Shh induces the expres-
sion of the proteoglycan PG-M/versican, which correlates
strongly with the location of the migratory arrest of trigem-
inal precursors. At spinal levels, PG-M/versican is ex-
pressed selectively in the caudal sclerotome, and is absent
from pathways of neural crest migration and sensory and
motor axon outgrowth (Landolt et al., 1995; Tan et al.,
1987), leading to a model in which PG-M/versican repels or
excludes migrating crest cells. In the Pax3 mutant mouse,
defects in neural crest migration are associated with in-
creased expression of versicans (Henderson et al., 1997).
However, subsequent studies have shown that the relation-
ship between proteoglycan expression and neural crest mi-
gration is complex. Recently, it has been shown that PG-
M/versican can influence the trajectory of neural crest cells
in vivo, but does not arrest their migration, and that a better
model may be one in which neural crest cells respond to
concentration gradients of versicans and dynamic changes
in their expression (Perissinotto et al., 2000).
From early in embryogenesis, Shh regulates multiple as-
pects of the specification of the mediolateral axis of the neural
plate and underlying mesoderm. Thus, the induction of PG-M/
versican is unlikely to be the sole change in the extracellular
matrix induced by Shh, and is not necessarily the change most
relevant to trigeminal precursor migration. Collagen IX, also a
chondroitin-sulfate protcoglycan, is expressed in the vicinity of
the notochord and has been shown to inhibit spinal neural crest
migration (Ring et al., 1996). The most abuntant proteoglycan
in the notochord itself is aggrecan (Domowicz et al., 1995;
Pettway et al., 1996), and this molecule has a pronounced
direct effect on the arrest of neural crest migration in vitro and
in vivo (Perissinotto et al., 2000; Perris et al., 1996). The
recently demonstrated direct interaction between hedgehogs
and proteoglycans in tooth development (Gritli-Linde et al.,
2001) suggests that Shh might induce proteoglycan expression
in the vicinity of the notochord, then be subsequently restricted
in its diffusion by the presence of these molecules in the
extracellular matrix. This leads to a model in which competing
forces, including Shh expression in the notochord and floor
plate, the induction of multiple proteoglycan species in the
surrounding mesoderm, and the balance of Shh diffusion and
interaction with the extracellular matrix, would together create
a midline “exclusionary zone” for migrating sensory precur-
sors, which would determine the final morphology of the
sensory ganglia at both cranial and trunk levels.
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